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We used a binocular rivalry stimulus with one half-image having a vertical grating disk surrounded by
horizontal grating, and the other half-image having a horizontal grating disk with a variable spatial phase
relative to the surrounding horizontal grating. We found that increasing the phase-shift of the horizontal
grating disk, which strengthens the boundary contour, progressively increases its predominance. But the
predominance is little affected when a constant gray ring (boundary contour) is added onto the rim of the
incrementally phase-shifted horizontal grating. This suggests the inﬂuence of boundary contour super-
sede that of the center-surround-interaction caused by the phase-shift.
 2009 Elsevier Ltd. All rights reserved.1. Introduction
Three dimensional (3-D) objects and surfaces are perceived sin-
gly in the normal viewing environment, even though the visual
system receives disparate images from the two eyes. The underly-
ing binocular process involves either the selection of one pair of
matched images from the two eyes among many possible matched
pairs, or of an unmatched retinal image. The unselected images are
not perceived, presumably due to suppression by the interocular
inhibitory mechanism. Much of our knowledge of the interocular
inhibitory mechanism comes from studies of the binocular rivalry
phenomenon, which is a perceptual manifestation of interocular
inhibition. One can experience binocular rivalry by free fusing
the two half-images in Fig. 1a, a typical binocular rivalry stimulus
frequently used in the laboratory. It gives rise to the experience of
frequent alternation between the perception of the vertical and
horizontal gratings rather than a stable percept of the two com-
bined gratings. It is assumed that when one half-image (e.g., verti-
cal grating) is perceived, the representation of the other half-image
(horizontal grating) is momentarily suppressed by the interocular
inhibitory mechanism. By measuring how binocular rivalry percep-
tion (the duration and frequency of each percept) varies with im-
age properties of the binocular rivalry stimuli, we can gain
insights into the loci and operations of the interocular inhibitory
mechanism (Blake, 1989; Fox, 1991; Julesz, 1971). For example,
the fact that the gratings in the two half-images with orthogonal
orientations can induce binocular rivalry suggests to us that the
interocular inhibitory mechanism operates at the level of the pri-ll rights reserved.
i@salus.edu (T.L. Ooi).mary visual cortex (V1) and beyond, where neurons are selective
for orientation of bars and edges.
Several lines of behavioral, brain imaging and neurophysiologi-
cal studies suggest that binocular rivalry is mediated by a distrib-
uted neural cortical network that includes the primary visual
cortex (V1), extrastriate cortices, temporal cortex, etc. (e.g., Blake
& Logothetis, 2002; Lee & Blake, 2004; Leopold & Logothetis,
1996; Nguyen, Freeman, & Alais, 2003; Ooi & He, 1999, 2003a;
Papathomas, Kovacs, & Conway, 2005; Suzuki & Grabowecky,
2002, 2007). First, various psychophysical studies have shown that
there need to be conﬂicting local features (orthogonal orientation,
opposite local motion, luminance contrast polarity, etc.) at corre-
sponding retinal areas to induce binocular rivalry. Since most V1
monocular neurons carry both local feature information and the
eye-of-origin information, it is reasonable to propose that V1 plays
a critical role in initiating the interocular inhibition that causes
binocular suppression (Blake, 1989; Carlson & He, 2004; Ooi &
He, 1999; Shimojo & Nakayama, 1990). Second, there are indica-
tions that cortical areas beyond V1 play a role in binocular rivalry.
It has been found that image properties mediated by the extrastri-
ate cortices such as illusory contours, occlusion, surface represen-
tation, perceptual grouping, etc., inﬂuence binocular rivalry (e.g.,
Alais & Blake, 1999; Kovacs, Papathomas, Yang, & Feher, 1996;
Ooi & He, 2003a, 2005, 2006; Shimojo & Nakayama, 1990; Sobel
& Blake, 2002; Su, He, & Ooi, 2009; van Bogaert, Ooi, & He, 2008;
van der Zwan & Wenderoth, 1994). Given that one of the main
functions of the extrastriate cortices is to represent surfaces and
boundary contours (Albright & Stoner, 2002; Bakin, Nakayama, &
Gilbert, 2000; Bouvier, Cardinal, & Engel, 2008; Fang, Boyaci, & Ker-
sten, 2009; Qiu & von der Heydt, 2005, 2007; Sugita, 1999; von der
Heydt, Peterhans, & Baumgartner, 1984; von der Heydt, Zhou, &
Fig. 1. The stimuli used in Experiment 1. There are three conditions: (a) typical BR, (b) MBC, and (c–g) BBC. The BBC condition has ﬁve subsets of displays with different
phase-shifts.
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psychological observations that surface image properties affect
binocular rivalry, we suggest that the interocular inhibitory mech-
anism in binocular rivalry is also involved in the process of repre-
senting stereoscopic surfaces, an insight gained from an
observation by Shimojo and Nakayama (1990; see below). Thus,
it is likely that while the conﬂicting local features of the binocular
rivalry stimulus trigger interocular inhibition in V1, the local out-
puts of V1 are selectively integrated at the subsequent extrastriate
cortices to form a global surface representation, which corresponds
to the global dominant percept.
Shimojo and Nakayama (1990) ﬁrst recognized that the real-
world occlusion constraint is involved in representing a binocular
rivalry stimulus (dissimilar half-images) with overlapping surfaces
(occlusion) in depth, in which the occluded surfaces are seen by
different eyes (half-occlusion). A consequence of half-occlusion is
that corresponding retinal areas in the two eyes receive different
surface images. Shimojo and Nakayama showed that this leads to
the interocular inhibitory mechanism selecting the occlusion valid
image for representation. Our studies have extended this observa-
tion (Ooi & He, 2003b, 2005, 2006; van Bogaert et al., 2008) and led
us to propose a more generalized role for the interocular inhibitory
mechanism in representing binocular surfaces.
Along this line of thinking, we elaborated on the possible link
between the typical binocular rivalry stimulus and the 3-D viewing
condition (Ooi & He, 2005, 2006). Fig. 2a illustrates an observer
viewing two background surfaces with dissimilar features (grating
orientation) through an aperture. With ﬁxation at the center of the
aperture, the dissimilar images seen through the aperture (two
grating disks) are projected to the corresponding retinal areas in
the two eyes. This scenario is equivalent to the stimulation with
a typical binocular rivalry display in the laboratory (Fig. 1a). To
represent the 3-D scene in Fig. 2a, the visual system presumably(a)
(b)
Possible 3-D layouts of binocular rivalry images in the real-world
Fig. 2. Possible 3-D layouts that give rise to binocular rivalry. (a) BBC-rivalry and
(b) MBC-rivalry.has to rely on the surface boundary contour of the aperture to
delineate the surface layout of the aperture, and then ﬁll-in the
surface texture within it. This being the case, we argue that the sur-
face boundary contour information should have a signiﬁcant im-
pact on binocular rivalry. This view, which inﬂuences our
approach in studying binocular rivalry, differs from most previous
approaches that mainly focus on the impact of the surface features
(e.g., gratings) enclosed within the boundary contours of the binoc-
ular rivalry stimulus.
The binocular rivalry stimulus in Fig. 1b shows the inﬂuence of
the surface boundary contour on binocular rivalry (Ooi & He,
2003b, 2005, 2006). With free fusion of the two half-images, one
perceives a stable vertical grating disk in front of a larger horizon-
tal grating background (Frisby & Mayhew, 1978). This percept is
dramatically different from that induced with the typical binocular
rivalry stimulus in Fig. 1a. But this difference cannot be attributed
to the local feature processes in the primary visual cortex because
both stimuli carry conﬂicting local features (orthogonal orienta-
tion) in the middle region. Rather, a likely explanation is that the
visual system has a preference to select the image deﬁned by the
monocular boundary contour (MBC) for perception, i.e., the vertical
grating disk in Fig. 1b, and suppress the corresponding image in the
fellow eye (Ooi & He, 2006). Fig. 2b illustrates a possible 3-D scene
correlate of the MBC-rivalry stimulus in Fig. 1b. It shows that the
visual system represents the half-image with the MBC as an
occluding surface in close proximity to one eye.
In contrast to theMBC-rivalry stimulus, the typical binocular riv-
alry stimulus has a boundary contour deﬁning the grating-disk of
each half-image. Thus, with fusion of the right and left half-images,
the boundary contours are combined as a pair of binocular boundary
contour (BBC). Once the visual system forms the BCC it ﬁlls in the
features (grating texture) to represent the 3-D surface. If the two
half-images have conﬂicting local feature information, as in the typ-
ical binocular rivalry stimulus, the visual system selects the feature
from one half-image to ﬁll-in. This explanation has some empirical
support. Ooi and He (2006) found that when the MBC-rivalry stim-
uluswasmodiﬁed to become a BBC-rivalry stimuluswithout chang-
ing its simple feature information, perception becomes similar to
that induced with the typical binocular rivalry display.
To further understand the contribution of surface boundary
contour to binocular suppression, the goal of this paper is to inves-
tigate how the strength of the boundary contour quantitatively af-
fects binocular rivalry. As discussed above, for the BBC-rivalry
stimulus, the visual system has to compete for one of the two
half-images to ﬁll-in the circular area enclosed by the BBC. What
is the selection criterion, or the factor biasing the selection, during
the competition? Historically, studies of binocular rivalry have
mainly concentrated on the contribution of the contour/edge
(e.g., Breese, 1899, 1909; Hering, 1879/1942; Levelt, 1965). The
deﬁnition of the ‘‘contour” has evolved over the decades, largely
due to advancing knowledge of how the visual system represents
visual surfaces (e.g., Grossberg & Mingolla, 1985; Nakayama, He
& Shimojo, 1995; von der Heydt, 1994). A texture surface has a
boundary contour that is the border of the surface, while the lumi-
nance changes of the image (edges) within the surface is consid-
ered as the local surface feature. Furthermore, in some cases,
there is uncertainty about whether a contour/edge can be taken
as a boundary contour. For example, the outline of a circle (image)
can be taken as a disk with its interior surface having the same
luminance as the background. When this occurs, the circular out-
line is the surface boundary contour that has a clear border owner-
ship assignment. However, a circular outline of an image can also
be taken as a ring with its inside being empty, causing the contour
to be treated as a line. Most past studies of binocular rivalry have
not made the explicit distinction between surface feature and
surface boundary contour in the stimuli used. For instance, a high
158 J.P. Xu et al. / Vision Research 50 (2010) 155–170contrast grating patch surrounded by a uniform background is said
to have a stronger ‘‘contour strength”, and hence, is more likely to
be selected for perception. This leads to the predominance of the
high contrast grating during binocular rivalry. But in light of the re-
cent understanding of visual surfaces, one can say that the grating
patch has both high contrast energy (surface feature) and salient
boundary contour (e.g., the right half-image of Fig. 11b). Conse-
quently, it is important to investigate whether boundary contour
strength is a quantitative factor affecting the selection.
To answer the above question, the current study used the stim-
uli shown in Fig. 1c–g where we varied the phase-shift between a
circular central area of the grating and the surrounding horizontal
grating. A large phase-shift results in a more distinct (stronger)
boundary contour. If the boundary contour strength is a factor
determining rivalry predominance, the predominance of seeing
the grating disk will increase with the magnitude of the phase-
shift, that is, with the strength of the boundary contour. If this
boundary-contour hypothesis is correct, then what kind of quanti-
tative relationship exists between the predominance of the hori-
zontal disk and the phase-shift? First, the graded increase
hypothesis predicts that the predominance of seeing the horizontal
grating disk increases with increasing phase-shift (boundary con-
tour strength) between the grating disk and its surrounding grat-
ing. In other words, the boundary contour has a weighted
contribution to the selection process in the binocular competition
between the two half-images. Second, the all-or-none hypothesis
predicts that the predominance of seeing the horizontal grating
disk does not increase until its boundary contour strength reaches
a certain threshold level. And once the threshold is reached, further
increases in the boundary contour strength do not lead to anymore
increase in the predominance. Thus, the relationship between the
predominance of seeing the horizontal grating disk and the
increasing phase-shift of the stimulus (c–g in Fig. 1) will resemble
a step-function. That is, before the phase-shift reaches a putative
threshold level, the vertical grating disk is dominant most of the
time. When the phase-shift is at, or above, the putative threshold
level, the predominance of seeing the horizontal disk increases to
a new value and stays at that value. Our ﬁrst experiment tested
these two hypotheses by measuring the rivalry perception of the
binocular rivalry stimuli illustrated in Fig. 1. We found that the
predominance of seeing the horizontal grating disk changes grad-
ually with the phase-shift of the horizontal grating, i.e., changes
with the boundary contour strength, supporting the graded in-
crease hypothesis.
We recognized that increasing the phase-shift in Fig. 1c–g not
only strengthens the boundary contour of the horizontal grating
disk but also increases the misalignment between the center and
surrounding gratings. This misalignment can cause the central
and surrounding areas to be seen as two distinct texture regions,
and induce a center-surround interaction that acts as a factor affect-
ing binocular rivalry (e.g., Fukuda & Blake, 1992; Ooi & He, 2006;
Paffen, Alais, & Verstraten, 2005). In the second Experiment below,
we provided a thorough account of how the center-surround factor
can potentially contribute to our ﬁndings in Experiment 1. Our data
reveal that the center-surround factor has a smaller inﬂuence on
binocular rivalry than the boundary contour factor.2. Experiment 1: effect of boundary contour strength on
binocular rivalry
2.1. Method
2.1.1. Observers
One author and four observers who were naïve to the purpose
of the study participated in the experiment. All observers hadnormal or corrected-to-normal visual acuity (at least 20/20), nor-
mal color vision, and a stereoscopic resolution of 20 s of arc or bet-
ter. Informed consent was obtained from the naïve observers
before commencing the experiment.
2.1.2. Stimuli
A Macintosh G4 computer running Matlab and Psychophysics
Toolbox was used to generate the visual stimuli, which was dis-
played on a 19-in. ﬂat CRT computer monitor (Brainard, 1997; Pelli,
1997). A head-and-chin rest stabilized the seated observer who
viewed the monitor from a distance of 85 cm. A haploscopic mirror
system attached to the head-and-chin rest aided fusion. Three
types of stimulus conditions were tested: typical BR condition
(Fig. 1a), MBC condition (Fig. 1b), and BBC condition (Fig. 1c–g).
As will be explained below, the typical BR and MBC conditions
had 1 stimulus each, while the BBC condition had ﬁve subsets of
stimuli.
For the typical BR condition, the half-images comprised a hori-
zontal grating disk and a vertical grating disk. The disk (diame-
ter = 1) in each half-image was displayed against a gray
homogeneous square (35 cd/m2, 7.5  7.5). For the MBC condi-
tion, one half-image had a square display (7.5  7.5) ﬁlled with
horizontal grating while the other half-image had the same hori-
zontal grating square but with an additional vertical grating disk
(diameter = 1) located in the center of the display. For the BBC
condition, we employed ﬁve different sets of stimuli, which were
essentially modiﬁed from the MBC condition. Speciﬁcally, a hori-
zontal grating disk was created in the MBC’s half-image with the
homogeneous horizontal grating, at a location corresponding to
the half-image with the vertical grating disk. The horizontal
grating disk was created by phase-shifting a circular region of
the horizontal grating relative to the larger horizontal grating
surround. Five different extents of spatial phase-shifts were
employed (36, 72, 108, 144 and 180), resulting in ﬁve pairs
of BBC stimuli.
Both the vertical and horizontal gratings employed in the stim-
uli above were square-wave with 5 cpd spatial frequency, 86%
luminance contrast and 35 cd/m2 mean luminance. Each stimulus
was displayed against a larger homogeneous background (5 cd/
m2). The half-image with the vertical grating disk was always pre-
sented to the observer’s non-dominant eye. A pair of nonius ﬁxa-
tion target (0.4, 35 cd/m2) was presented against the 5 cd/m2
background before each trial to ensure accurate eye alignment. A
checkerboard mask (5 cpd, 7.5  7.5, 35 cd/m2 and 86% lumi-
nance contrast) was presented at the end of each trial.
2.2. Procedure
Each observer was tested in four separate experimental blocks.
One block comprised 49 trials [7 (repeats)  7 (1 stimulus from the
typical BR condition + 1 stimulus from the MBC condition + 5 stim-
uli from the BBC condition)]. The sequence of stimulus presenta-
tion within a block was counterbalanced for each observer using
the Latin square design. To prepare for a trial, the observer ﬁrst ﬁx-
ated at the nonius ﬁxation target. He/she then pressed the space
bar of the computer keyboard to trigger the presentation of a bin-
ocular rivalry stimulus on the computer screen for 30 s. The obser-
ver’s task was to track his/her binocular rivalry perception, which
could be vertical, horizontal or piecemeal grating, and to report
the instantaneous percept by pressing one of three keys on the
computer keyboard. At the end of the 30 s trial, a 1 s checkerboard
mask appeared to replace the stimulus, followed by a 10 s black
screen that provided a brief pause in between trials. After this,
the ﬁxation was presented again, indicating to the observer that
he/she could begin the next trial. A 2 min break was given after
every 7 trials in the block.
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We calculated the binocular rivalry predominance, dominance
duration and alternation frequency following the methods com-
monly used in the literature (e.g., Ooi & He, 2006). It should be
pointed out that in the data graphs (Fig. 4), we plotted the duration
vs. phase-shift results using the original durations. However, when
performing statistical analysis of the duration results, we also used
each observer’s normalized duration that is deﬁned as the original
binocular rivalry duration divided by the maximum binocular riv-
alry duration of the observer for that condition. This is because we
found large individual differences among the observers’ domi-
nance duration.
We observed an interesting trend in our data. It appears that
over the 30 s observation period of a trial, the ﬁrst dominance
duration of a given percept tends to be longer than the subsequent
dominance durations of the same percept as the rivalry alternation
ensues. We call this the response order effect. To understand this
order effect, we conducted an analysis to reveal the effect of con-
secutive dominance percepts on the dominance duration. This is
performed by pooling the observers’ consecutive dominance dura-
tions for each common alternation sequence. But while performing
the analysis of the dominance duration for the 30 s observation
period for the MBC condition, we encountered a limitation due to
individual difference. One observer did not make any horizontal re-
sponse and consequently we could only analyze the data from the
remaining four observers. Among these four observers, there are
differences in the maximum order of the number of reported per-
cepts within the observation period. For example, for the horizon-
tal grating percept in the MBC condition, the number of times the
four observers reported seeing it were 3, 4, 5, and 3, respectively.
Thus, we ﬁrst found the highest order (Max-N) that all four observ-
ers made (3, in this example), and then performed statistical anal-
ysis on the response durations up to Max-N. The same analysis was
conducted on the data from the typical BR and BBC conditions.
Please refer to Table 1 for the Max-Ns and the number of observers’
data used in each condition. We conducted separate statistical
analyses using the raw data and normalized data.
3. Results and discussion
Fig. 3 illustrates the frequency–duration histograms of a repre-
sentative naïve observer in all three conditions (typical BR, MBC
and BBC). For the MBC condition, the histogram of seeing the ver-Table 1
The table tabulates the results of the statistical analysis on the data in Experiment 1, Fig
number of reported percepts within an observation period. Number of observers refers to th
was performed using both the raw and normalized data (shown in parentheses).
Condition MBC BBC 36 phase-
shift
BBC 72 ph
shift
Vertical
percept
Max-N, # of
observers
6, 4 4, 5 6, 5
Statistics F(5, 15) = 6.299
[17.777]
F(3, 12) = 3.597
[17.759]
F(5, 20) = 0.
[1.403]
p value 0.002 [<0.001] 0.046 [<0.001] 0.444 [0.26
Horizontal
percept
Max-N, # of
observers
5, 4 3, 5 6, 5
Statistics F(4, 12) = 1.385
[2.133]
F(2, 8) = 0.968
[0.249]
F(5, 20) = 2.
[3.667]
p value 0.297 [0.139] 0.420 [0.786] 0.099 [0.01
Piecemeal
percept
Max-N, # of
observers
9, 2 10, 2 10, 3
Statistics F(8, 8) = 1.140
[1.145]
F(9, 9) = 4.752
[6.744]
F(9, 18) = 0.
[0.889]
p value 0.429 [0.427] 0.015 [0.004] 0.591 [0.55tical grating disk (black line) is rather broad whereas the histogram
distribution of seeing the horizontal grating (light gray line) hovers
around the short duration region. This is in contrast to the results
obtained from the typical BR condition where the two histograms
overlap. These results conﬁrm those found in the previous study by
Ooi and He (2006). With increasing phase-shift in the BBC condi-
tion, the histogram of seeing the vertical grating disk skews toward
the short duration as the histogram of seeing the horizontal grating
expands toward the long duration. This indicates that the predom-
inance of seeing the horizontal grating disk increases with the
phase-shift, i.e., with increasing boundary contour strength.
To characterize the effect of phase-shift, we plotted the average
predominance, dominance duration and binocular rivalry alterna-
tion frequency as a function of the phase-shift of the horizontal
grating (Fig. 4). Fig. 4a plots the average predominance results.
Clearly, as the phase-shift (boundary contour strength) increases
the average predominance of seeing the horizontal grating in-
creases [F(5, 20) = 18.519, p < 0.001, one-way ANOVA with re-
peated measures] and the average predominance of seeing the
vertical grating decreases [F(5, 20) = 21.826, p < 0.001; one-way
ANOVA with repeated measures]. Both the predominance func-
tions change gradually with the phase-shift, rather than abruptly
with a step function. This conﬁrms the prediction that the bound-
ary contour has a weighted contribution to the selection process in
the binocular competition between the two half-images (graded
increase hypothesis). As for the predominance of the piecemeal
percept, we observed a moderate effect of phase-shift on predom-
inance [F(5, 20) = 4.034, p < 0.025; one-way ANOVA with repeated
measures].
The average dominance duration results shown in Fig. 4b are
quite similar to the predominance results (Fig. 4a). The domi-
nance duration of seeing the horizontal grating increases signiﬁ-
cantly with increasing phase-shift [F(5, 20) = 7.123, p < 0.001,
one-way ANOVA with repeated measures]. For the vertical grating
disk, dominance duration decreases with increasing phase-shift
[F(5, 20) = 2.376, p = 0.076]. The dominance duration of the piece-
meal percept does not change signiﬁcantly with phase-shift
[F(5, 20) = 1.846, p = 0.149]. Given the large individual difference
in the average duration data in Fig. 4b, we also performed the
same statistical analysis on the normalized data (described in
Section 2.3). We found F(5, 20) = 9.473, p < 0.001 for seeing the
horizontal grating; F(5, 20) = 19.016, p < 0.001 for seeing the ver-
tical grating disk; and F(5, 20) = 3.448, p = 0.021 for seeing
piecemeal.. 5 (one-way ANOVA with repeated measures). Max-N is the maximum order of the
e number of observers whose data were used for the statistical analysis. The analysis
ase- BBC 108
phase-shift
BBC 144
phase-shift
BBC 180
phase-shift
Typical BR
9, 5 6, 5 8, 5 8, 5
998 F(8, 32) = 1.472
[2.232]
F(5, 20) = 0.472
[0.674]
F(7, 28) = 0.553
[0.538]
F(7, 28) = 1.031
[0.611]
6] 0.206 [0.051] 0.793 [0.648] 0.787 [0.798] 0.432 [0.742]
6, 5 6, 5 7, 5 7, 5
163 F(5, 20) = 1.207
[1.056]
F(5, 20) = 1.589
[2.409]
F(6, 24) = 2.221
[3.255]
F(6, 24) = 3.119
[3.714]
6] 0.342 [0.413] 0.209 [0.073] 0.076 [0.017] 0.021 [0.009]
10, 3 10, 3 10, 3 8, 4
839 F(9, 18) = 0.698
[0.683]
F(9, 18) = 0.675
[0.629]
F(9, 18) = 0.526
[0.553]
F(7, 21) = 1.997
[1.893]
4] 0.703 [0.715] 0.721 [0.758] 0.837 [0.817] 0.104 [0.122]
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Fig. 3. Results of Experiment 1. Frequency–duration histogram of a representative naïve observer.
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three percepts increase signiﬁcantly with increasing phase-shift
[horizontal grating: F(5, 20) = 6.343, p < 0.001; vertical grating:
F(5, 20) = 2.858, p < 0.05; piecemeal: F(5, 20) = 4.853, p < 0.005;
one-way ANOVA with repeated measures]. This indicates that bin-
ocular rivalry alternation becomes more robust when the bound-
ary contour strength of one half-image becomes more compatible
with that of the other half-image.
We noticed that over the 30 s observation period of each trial
the consecutive dominance percepts of the same image, say of
the vertical disk, have a tendency to reduce in dominance duration.
In other words, within an observation period and for a given per-
cept, the dominance duration of that percept perceived at the
Nth-time is shorter than the dominance duration perceived at
the (N  1)th-time. To illustrate this response order effect, we plot-
ted the durations of reporting each dominant percept according to
its response order over the entire 30 s observation period (Fig. 5).
Clearly, for both the vertical and horizontal disk percepts, there
is a tendency for the dominance durations to decrease with the re-
sponse order (N) in all three conditions (typical BR, MBC and BBC
conditions), i.e., the binocular rivalry alternation rate increases.
This order effect is particularly strong for the vertical grating per-
cept in the MBC and BBC-36 phase-shift conditions (Fig. 5), which
may be related to the longer duration of seeing the vertical gratingcompared to that of seeing the horizontal grating (Fig. 4). As will be
seen, the data from our control experiment are consistent with this
proposition. Table 1 shows the ANOVA results for the raw data, and
the normalized data (in parentheses) for each stimulus condition.
Notably, this order effect ﬁnding appears to be opposite to what
one would expect from the effect of contrast adaptation, which re-
duces the alternation rate when tested with the typical binocular
rivalry stimuli (Lehky, 1995; Suzuki & Grabowecky, 2002, 2007).
On the other hand, we believe the impact of contrast adaptation
(Blake, Tadin, Sobel, Raissian, & Chong, 2006) in our study was
likely to be small since we used high contrast (86%) grating stimuli.
We speculate that the apparent difference could be related to three
possible factors. The ﬁrst factor is that the order effect becomes
salient when there is a large dominance duration difference be-
tween the two half-images, and is only found for the ‘‘stronger”
half-image. It could be that others did not previously report a sim-
ilar order effect because the dominance duration difference be-
tween the two half-images in previous studies was not very
large. Second, since previous researchers averaged the dominance
durations resulting from both half-images in their data analysis,
their results might not exhibit a signiﬁcant order effect, as we
found that the dominance duration from the weaker half-image
shows little order effect. The third factor is stimulus difference.
For example, Suzuki and Grabowecky (2002, 2007) used uniform
Experiment 1: Average results
0 
0.2 
0.4 
0.6 
0.8 
1 
MBC 36 72 108 144 180
Pr
ed
om
in
an
ce
typical 
BR
0 
2 
4 
6 
8 
10 
12 
14 
D
ur
at
io
n 
(s
)
0 
0.1 
0.2 
0.3 
0.4 
0.5 
Fr
eq
ue
nc
y 
(H
z)
Phase-Shift (deg)
seeing vertical grating
seeing horizontal grating
seeing piecemeal
(a)
(b)
(c)
MBC 36 72 108 144 180 typical 
BR
MBC 36 72 108 144 180 typical 
BR
Fig. 4. Average results of Experiment 1 analyzed for predominance, dominance
duration and alternation frequency.
J.P. Xu et al. / Vision Research 50 (2010) 155–170 161shapes as their stimuli (unlike our grating stimuli), which might
have induced a high-level shape adaptation effect.4. Experiment 2: boundary contour vs. center-surround effect
We have hypothesized that for the MBC-rivalry stimulus
(Fig. 1b), the strong predominance of the vertical grating disk in
the right half-image is due to its MBC (Ooi & He, 2005, 2006).But there is another potential factor that is related to orientation
difference. Speciﬁcally, for the left half-image, because the central
and surrounding areas corresponding to the right half-image have
the same horizontal orientation, the surrounding area can impose
an inhibition on the central area. In contrast, for the right half-im-
age, the orthogonal orientation between the central (disk) and sur-
rounding areas can cause a facilitation of the central area (Allman,
Miezin, & McGuinness, 1985; Jones, Wang, & Sillito, 2002; Li & Li,
1994; Polat & Sagi, 1993; Yu, Klein, & Levi, 2003). Consequently,
the central vertical grating disk area in the right half-image is ex-
pected to have an advantage over the corresponding central area
in the left half-image. There have been observations showing that
such a center-surround interaction can affect binocular rivalry
(e.g., Fukuda & Blake, 1992; Ooi & He, 2006; Paffen et al., 2005).
The results of Experiment 1 that strengthening the boundary
contour of the horizontal grating disk increases its predominance
during binocular rivalry counter the alternative explanation based
on the center-surround interaction. Note that in Experiment 1
(Fig. 1c–g), the central and surrounding gratings in the left half-im-
age have the same (horizontal) orientation, yet their boundary con-
tour strength can overcome that of the right half-image with the
orthogonal center-surround grating orientation. In particular, for
the display with 180 phase-shift, the predominance of the right
half-image is similar to that of the left half-image (Fig. 4).
Still, it could be argued that the center-surround interaction is
not limited to grating orientation. It is possible that the relative
phase-shift between the central and surrounding horizontal grat-
ings could itself create a center-surround interaction factor to en-
hance the predominance of the central horizontal disk. This is
because besides strengthening the boundary contour, increasing
the phase-shift between the central and surrounding horizontal
gratings enhances the perceptual segregation between the central
and surrounding areas. This could lead to a decrease in the sur-
round suppression on the central area. To rule out this explanation,
our second experiment below inserted a gray ring onto the rim of
the horizontal grating disk (left half-images in Fig. 6b–e). Since the
gray ring is treated as a boundary contour, varying the phase-shift
between the central and surrounding gratings mainly changes the
putative center-surround interaction but has little impact on the
boundary contour strength. Thus, the center-surround hypothesis
predicts that the predominance of seeing the horizontal grating
disk increases with phase-shift. In contrast, the boundary-contour
hypothesis predicts no change in predominance. The experiment
below tested these two predictions by measuring the observer’s
perception of the binocular rivalry displays illustrated in Fig. 6.
In addition, we conducted a control experiment to demonstrate
the effect of boundary contour strength on binocular rivalry.
4.1. Method
4.1.1. Main experiment: varying center-surround with constant
boundary contour factor
4.1.1.1. Observers. One author and four new observers who were
naïve to the purpose of the study participated. All observers had
normal or corrected-to-normal visual acuity (at least 20/20), nor-
mal color vision, and a stereoscopic resolution of 20 s of arc or bet-
ter. Informed consent was obtained from the naïve observers
before commencing the experiment.
4.1.1.2. Stimuli. The stimulus setup was the same as in Experiment
1, except a Macintosh MacPro instead of Macintosh G4 was used to
generate the stimulus. We tested both the MBC and BBC condi-
tions. Whereas the MBC condition was the same as that in Exper-
iment 1, the BBC condition (comprising four subsets of stimuli)
was modiﬁed. Speciﬁcally, the half-image with the vertical disk
remained the same but the half-image with the phase-shifted
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Trial Sequence
BBC 
36 o phase-shift
BBC 
144 o phase-shift
typical BR
2nd 4th 6th 8th 10th
0 
5 
10 
15 
2nd 4th 6th 8th 10th 2nd 4th 6th 8th 10th 2nd 4th 6th 8th 10th
2nd 4th 6th 8th 10th 2nd 4th 6th 8th 10th 2nd 4th 6th 8th 10th
seeing vertical grating
seeing horizontal grating
seeing piecemeal
D
ur
at
io
n 
(s
)
0 
5 
10 
15 
D
ur
at
io
n 
(s
)
0 
5 
10 
15 
0 
5 
10 
15 
0 
5 
10 
15 
0 
5 
10 
15 
0 
5 
10 
15 
Fig. 5. Average results of Experiment 1 analyzed for dominance duration as a function of trial sequence. For all conditions, the dominance duration of the horizontal and
vertical percepts decrease with response order.
162 J.P. Xu et al. / Vision Research 50 (2010) 155–170horizontal disk had a gray ring (width = 0.0395, luminance =
35 cd/m2) added onto the rim of the horizontal grating disk. Four
pairs of BBC stimuli with various degrees of phase-shifts were used
(0, 36, 72 and 180). (With 0 phase-shift, the BBC stimulus was
essentially an MBC stimulus with a gray ring added to the half-
image with the homogeneous horizontal grating.) All other
aspects of the stimulus parameters were the same as in Experi-
ment 1.
4.2. Procedure
Each observer was tested in ﬁve separate experimental blocks.
Each block comprised 25 trials [5 (repeats)  5 (1 stimulus from
the MBC condition + 4 stimuli from the BBC condition)]. Within a
block of trials, the observer was given a 2 min break after every 5trials. The instructions to the observers were the same as in Exper-
iment 1.
4.2.3. Control experiment: varying boundary contour with constant
center-surround factor
The stimuli were the same as those in the main experiment
above except for the following modiﬁcations: (1) three levels of
ring (boundary contour) luminance (black = 5; gray = 35; white =
65 cd/m2) were used; (2) three phase-shifts (0, 72, 180) of the
BBC stimuli were selected to be tested; and (3) except for the ver-
tical grating disk whose contrast was 86%, the remaining grating
components of the stimulus were reduced to 57%. Keeping the con-
trast of the vertical grating disk relatively high enabled us to fully
reveal the effect of the ring strength on binocular rivalry. Fig. 8
shows three BBC stimuli with different ring strengths and 180
Fig. 6. The stimuli used in Experiment 2 (main experiment). There are two conditions: (a) MBC and (b–e) BBC. The BBC condition has four subsets of displays with different
phase-shifts.
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164 J.P. Xu et al. / Vision Research 50 (2010) 155–170phase-shift horizontal disk. The experimental procedure was sim-
ilar to that in the main experiment. One author and two new naïve
observers with normal vision and informed consent participated in
the experiment.
5. Results and discussion
5.1. Main experiment: varying center-surround with constant
boundary contour factor
Fig. 7a plots the average predominance of perceiving exclusive
vertical grating disk (black squares), horizontal grating disk (lightgray circles), and piecemeal percepts (dark gray triangles). For the
MBC condition, the predominance of seeing the vertical grating disk
is signiﬁcantly higher than the predominance of seeing the horizon-
tal grating disk [t(4) = 18.958, p < 0.001]. For the stimuli with in-
serted gray rings (BBC condition), the predominance of seeing the
vertical grating disk is reduced to the predominance level of seeing
the horizontal grating disk. And, most importantly, there is no sig-
niﬁcant increase in predominance of the horizontal grating disk
with increasing phase-shift [main effect of grating orientation,
F(1, 4) = 0.186, p = 0.688; main effect of phase-shift, F(3, 12) =
2.790, p = 0.086; interaction effect, F(3, 12) = 2.126, p = 0.150; two-
way ANOVA with repeated measures]. This indicates that in the
presence of a constant boundary contour (gray ring), the center-
surround interaction due to the phase-shift has little impact on bin-
ocular rivalry. As for the predominance of the piecemeal percept, the
effect of increasing phase-shift is not signiﬁcant [F(3, 12) = 2.836,
p = 0.083; one-way ANOVA with repeated measures].
The average dominance duration results (Fig. 7b) exhibit a sim-
ilar trend as the predominance results. For the MBC condition, the
dominance duration is signiﬁcantly longer for seeing the vertical
grating disk than for seeing the horizontal grating disk
[t(4) = 3.026, p = 0.039]. But for the stimuli with the gray rings
(BBC condition), the dominance durations for perceiving the verti-
cal and horizontal grating disks are not signiﬁcantly different and
they do not vary with phase-shift [main effect of grating orienta-
tion, F(1, 4)=0.022, p = 0.889; main effect of phase-shift,
F(3, 12) = 3.251, p = 0.060; interaction effect, F(3, 12) = 1.652,
p = 0.230; two-way ANOVA with repeated measures]. The domi-
nance duration for the piecemeal percept also does not vary signif-
icantly with phase-shift [F(3, 12) = 2.212, p = 0.139; one-way
ANOVA with repeated measures].
The frequency of seeing the vertical grating disk is higher than
the frequency of seeing the horizontal grating in the MBC condition
[t(4) = 3.652, p = 0.022]. For the BBC condition, the frequencies of
seeing the vertical and horizontal gratings have a small but signif-
icant difference, although they do not vary signiﬁcantly with
phase-shift [main effect of grating orientation F(1, 4) = 29.120,
p = 0.006; main effect of phase-shift, F(3, 12) = 3.039, p = 0.071;
interaction effect, F(3, 12) = 0.571, p = 0.645; two-way ANOVA with
repeated measures]. The frequency of seeing the piecemeal percept
remains constant regardless of phase-shifts in the BBC condition
[F(3, 12) = 0.801, p = 0.517; one-way ANOVA with repeated
measures].
As in Experiment 1, we performed data analysis to reveal the or-
der effect on the dominance duration. We found a large order effect
only in the MBC condition. Applying the two-way ANOVA with re-
peated measures, we found that for the vertical grating percept,
p = 0.067 when analyzed with the raw data, and p = 0.008 when
analyzed with the normalized data. For the horizontal grating per-
cept, p = 0.295with the raw data, and p = 0.256with the normalized
data. The remaining stimulus conditions exhibited relatively small
order effect. This ﬁnding is consistent with our observation in
Experiment 1 that the order effect is evident when there exists a
large dominance duration difference between the two half-images.
Overall, we found that when the boundary contour has a con-
stant strength, there is no observable effect of center-surround
interaction on the predominance of the central grating disk. This
ﬁnding supports our explanation that the measured outcomes of
binocular rivalry in Experiment 1 above are caused by changes in
the boundary contour strength.
5.2. Control experiment: varying boundary contour with constant
center-surround factor
To further support the conclusion that the center-surround
interaction due to the phase-shift is much less effective than the
Fig. 8. Three examples of the stimuli used in Experiment 2 (control experiment). There are three ring conditions: (a) black ring, (b) gray ring, and (c) white ring. The BBC
stimuli have three different phase-shifts (0, 72, 180); only the 180 phase-shift stimuli are shown.
J.P. Xu et al. / Vision Research 50 (2010) 155–170 165boundary contour strength in our stimuli, the present control
experiment showed that varying the boundary contour strength
alone inﬂuences binocular rivalry. The reader can free-fuse Fig. 8
(180 phase-shift stimuli) to qualitatively experience how ring
strength affects perception. One will ﬁnd that the predominance
of seeing the horizontal grating disk is relatively high when the
ring is either black or white, than when it is gray (mean lumi-
nance). This is because the boundary contour strength of the hori-
zontal grating disk with the gray ring is weaker.
Fig. 9 plots the average results (n = 3). The average predomi-
nance results of the three percepts (top row) change with ring
intensity [main effect of the percepts: F(2, 4) = 13.073, p = 0.018;
interaction effect of percept x ring-intensity: F(4, 8) = 19.287,
p < 0.001; three-way ANOVA with repeated measures], but only
vary moderately with phase-shift [F(2, 4) = 5.328, p = 0.074]. Nota-
bly, for the gray ring (weak boundary contour) condition, the pre-
dominance of seeing the horizontal grating disk enclosed by the
ring is lower than of that of seeing the vertical grating disk
[F(1, 2) = 18.904, p = 0.049; two-way ANOVA with repeated mea-
sures]. In contrast, the differences in predominance almost disap-
pear in the white ring and the black ring conditions (strong
boundary contour). For both the white and black ring conditions,
the predominance of seeing the horizontal grating disk is slightlyhigher than that of seeing the vertical grating disk [white ring:
F(1, 2) = 0.545, p = 0.537; black ring condition: F(1, 2) = 5.592,
p = 0.142, two-way ANOVA with repeated measures].
The average duration results in Fig. 9 (middle row) also show a
similar trend as the predominance results. That is, the longer dura-
tion of seeing the vertical grating than seeing the horizontal grat-
ing is only found in the gray ring condition, although the
standard error is quite large due to individual subject difference.
We conducted three-way ANOVA with repeated measures (per-
cepts  ring-strength  phase-shift) on the raw data and found
none of the effect reaches the signiﬁcance level of 0.05. But with
normalized duration data, we found a signiﬁcant main effect of
the percept [F(2, 4) = 14.268, p = 0.015, three-way ANOVA with re-
peated measures], a signiﬁcant main effect of the ring-strength
[F(2, 4) = 18.306, p = 0.010], and a signiﬁcant interaction effect
between percept and ring-strength [F(4, 8) = 42.609, p < 0.001].
There is no reliable main effect of phase-shift [F(2, 4) = 0.201,
p = 0.826].
The average frequency data in Fig. 9 (bottom row) show lower
alternation frequency in the gray ring condition than in the black
and white ring conditions [F(2, 4) = 32.254, p = 0.003, three-way
ANOVA with repeated measures]. The remaining main effect and
interaction effect do not reach the signiﬁcance level of 0.05.
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Fig. 9. Average results of Experiment 2 (control experiment) analyzed for predominance, dominance duration and alternation frequency.
166 J.P. Xu et al. / Vision Research 50 (2010) 155–170We also performed data analysis to reveal the response order
effect. The average results are plotted in Fig. 10, and the statistical
analysis (ANOVA) of the raw data and normalized data (in paren-
theses) for each stimulus condition are tabulated in Table 2. For
the gray ring condition where the dominance duration of the ver-
tical grating percept is longer than that of the horizontal grating
percept, there is a large order effect for the vertical grating but
not for the horizontal grating. On the other hand, for the black
and white ring conditions, where the dominance duration of the
horizontal grating percept is moderately stronger than that of the
vertical grating percept, there is a small order effect for the hori-zontal grating. These observations, along with those of the two
experiments above, demonstrate that an order effect occurs for
the stronger half-image when there exists a large difference in
dominance duration between the two half-images. It is as if the vi-
sual system attempts to achieve equal predominance between the
two half-images as the trial ensues.
6. General discussion
In summary, our ﬁrst experiment varied the boundary contour
strength of a horizontal grating disk in one half-image by changing
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J.P. Xu et al. / Vision Research 50 (2010) 155–170 167the phase-shift of its grating relative to that of its surrounding hor-
izontal grating. We found that when this horizontal grating disk
half-image rivals with a vertical grating disk half-image, the pre-
dominance of seeing the horizontal grating disk increases as its
boundary contour strength increases. Thus our ﬁnding indicates
that boundary contour strength is a quantitative factor affecting
binocular rivalry. This ﬁnding is also consistent with the general
notion that boundary contour plays an important role in binocular
depth and surface perception (e.g., Grossberg, 1994; Kellman, Garr-igan, & Shipley, 2005; McKee, 1983; Mitchison & McKee, 1987;
Nakayama et al., 1995). Then our second experiment showed that
for the binocular rivalry displays used in our study, the impact of
boundary contour strength on binocular rivalry is stronger than
the impact of the center-surround interaction factor.
Our ﬁndings support the graded increase hypothesis, which pre-
dicts that for the binocular boundary contour (BBC) rivalry display
such as the typical binocular rivalry display, the boundary contour
has a weighted contribution to the process that selects the image
Fig. 11. Demonstrations of the impact of boundary contour vs. surface feature strength on binocular rivalry. (a) The vertical grating disk with low luminance contrast (surface
feature) predominates in the presence of the monocular boundary contour. (b) In a typical binocular rivalry display with BBC, the horizontal grating with the higher
luminance contrast (surface feature) and boundary contour strength predominates. (c) Using surrounding oblique gratings to equalize the boundary contour strength of the
two half-images in (b), the horizontal grating disk still predominates (though not as much) due to its higher luminance contrast (surface feature) strength. (d) With BBC
(rings) added to the stimulus in (a), the two half-images have similar predominance. (e) Similar to (d), except that the horizontal grating within the disk is phase-shifted
relative to its surrounding horizontal grating. The binocular rivalry percept is similar to (d).
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J.P. Xu et al. / Vision Research 50 (2010) 155–170 169for the dominant percept. As mentioned in Section 1, Ooi and He
(2006) hypothesized that the visual system processes the typical
binocular rivalry display in a manner that reﬂects the 3-D surface
layout (Fig. 2a) whereby the observer sees two spatially separated
horizontal and vertical grating surfaces through a circular aperture.
The circular boundary contour of the aperture in each half-image is
fused into a binocular boundary contour (BBC) when the two eyes
ﬁxate at the center of the aperture. From the BBC, the visual system
represents the interior surface it encloses with surface feature
information. It is possible that for homogeneous (texture-free) sur-
faces and grating surfaces, the visual system represents the interior
surface using a ﬁlling-in process that begins at the area adjacent to
the boundary contour and then spreads the surface representation
inward (Cohen & Grossberg, 1984; Friedman, Zhou, & von der Hey-
dt, 2003; Gerrits & Vendrik, 1970; Motoyoshi, 1999; Paradiso &
Nakayama, 1991; Walls, 1954). The surface feature ﬁlling-in pro-
cess obtains a stable binocular surface representation if the corre-
sponding images in the two eyes have similar features. However,
the typical binocular rivalry displays present a challenge to the vi-
sual system as the corresponding images have dissimilar gratings.
Confronted with this, the visual system selects one of the two fea-
ture representations to ﬁll in the interior surface. We propose that
at the initial stage of the ﬁlling-in process that occurs near the BBC,
the monocular image (feature representation) with the stronger
boundary contour is more likely to be selected in the binocular
competition (Ooi & He, 2005; Su, Ooi, & He, 2007). (This explains
why the boundary contour strength is a factor determining the
predominance of the BBC rivalry display.) Then, at a later stage of
the ﬁlling-in process, i.e., when the surface feature has spread far-
ther inward and away from the BBC, feature strength (grating con-
trast) becomes a larger factor determining whether the surface
spread from the BBC can be completed as a global dominant sur-
face. This is because in the local region removed from the boundary
contour, the conﬂicting local features (orthogonal gratings) from
the two eyes also compete for representation on the basis of their
feature strengths (grating contrast). For a binocular rivalry half-im-
age with a strong boundary contour but weak surface feature, there
is a high chance for the weak surface feature to be represented at
the initial ﬁlling-in stage. But the spreading will be halted at the la-
ter ﬁlling-in stage due to the weak feature strength.
From the foregoing, we suggest that boundary contour strength
and grating contrast (surface feature strength) separately contrib-
ute to binocular rivalry with perhaps the boundary contour being
weighted more. Fig. 11a demonstrates this effect. The vertical grat-
ing disk in the left half-image has a lower luminance contrast than
the horizontal grating in the right half-image. But when one free-
fuses this pair of half-images, one experiences a relatively stable
percept of the vertical grating disk. This conﬁrms that the bound-
ary contour of the half-image with the vertical grating disk has a
larger weighted contribution to the binocular rivalry dominance
percept. However, by removing the horizontal grating surrounding
the disk from each half-image, thereby making it a typical BR stim-
ulus with BBC (Fig. 11b), one experiences a higher binocular rivalry
predominance of the horizontal grating disk with the higher grat-
ing contrast energy. We also created Fig. 11c where we have 135
oriented grating surrounding the two grating disks in Fig. 11b. Fur-
ther, to equalize the boundary contour of the disks in the two half-
images, we made the relative contrast difference between the disk
and the surrounding oblique grating the same in the two half-
images. Now, a higher grating contrast (surface feature) is the only
advantage that the right grating disk has over the left grating disk.
By free-fusing the two half-images (Fig. 11c), one ﬁnds that the
horizontal disk in the right half-image has a higher predominance.
This suggests that with both half-images having boundary
contours of similar weight, the surface feature factor (grating con-
trast) takes precedence in the selection of the dominant image. It is
170 J.P. Xu et al. / Vision Research 50 (2010) 155–170also noteworthy that the predominance of the horizontal grating
disk in Fig. 11c appears to be less than that in Fig. 11b. This is be-
cause in the latter, the right horizontal grating disk is stronger in
both grating contrast and boundary contour. Fig. 11d is modiﬁed
from Fig. 11a, with the addition of circular boundary contour in
each half-image. Fig. 11e has the horizontal grating of the disk
phase-shifted relative to its surrounding grating. With the same
BBC in both Fig. 11d and e, one experiences similar binocular riv-
alry percepts, underscoring the contribution of the boundary con-
tour information.
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